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 1 
Abstract 1 
 2 
Several types of cryostimulation have been recently proposed to rapidly lower skin 3 
temperature therefore gaining a possible neuro/muscular recovery after strenuous exercise 4 
or, more generally, in sports. Local crystimulation may be a viable and relatively portable tool 5 
to obtain physiological benefits in previously-efforted muscular districts. However, cohesive 6 
and standardized cryo-exposure protocols are lacking as well as the righteous procedure to 7 
efficaciously combine duration, treatments and temperature in relation to desirable effects on 8 
muscular strength. In this randomized-controlled study, fifty young women were tested for 9 
maximum isometric handgrip strength, before and after exhausting contractions.  10 
Following the fatiguing protocol, the intervention group (cryo, n=25, 24.7 ± 2.5 years, BMI 11 
21.7 ± 1.8 kg/m2) underwent a 6-min local cryostimulation (-160 °C) on the extensor-flexor 12 
muscles of the dominant arm, while control-matched peers sat rested in a thermo-neutral 13 
room (22  0.5 °C). Handgrip tests were repeated at baseline (T0), after cryostimulation (T1), 14 
and 15 min after T1 (T2). Throughout the protocol, the AUC of the strength performance was 15 
significantly higher in the cryo- compared to control group (P=0.006). In particular, following 16 
fatigue and cryostimulation, the cryo group preserved higher strength at T1 with respect to 17 
controls (26.82.8 vs 23.92.8 kg, Bonferroni’s post-hoc, P<0.01). Likewise, ventral and 18 
dorsal temperature, recorded with a thermal camera, were lower in cryo- than control group 19 
(P<0.0001). 20 
In conclusion, a brief session of local cryostimulation may acutely preserve maximal 21 
isometric force in young women following a fatiguing protocol. These findings may have 22 
implications in orchestrating strategies of district muscular recovery. 23 
 24 
Keywords: cryostimulation, local cryotherapy, handgrip strength, recovery, maximal isometric 25 
force 26 
 27 
 28 
Abbreviations: AUC, area under the curve; CWI, cold-water immersion; ES, effect size; ICC, 29 
intraclass correlation coefficient; LC, local cryotherapy; PBC, partial body cryotherapy, RM, 30 
repeated measures; 1-RM, one maximum repetition; SD, standard deviation, WBC, whole 31 
body cryotherapy 32 
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Introduction  33 
An emerging body of literature has documented the development of cold application 34 
in different fields of medicine, health and sport sciences. Recent methods of cold stimulation, 35 
including whole-body cryotherapy (WBC), partial-body cryotherapy (PBC) and local 36 
cryotherapy (LC) are believed to rapidly cool down the skin temperature [42], inducing 37 
vasoconstriction and analgesia [20,43]. Cryostimulation, that is the exposure to very-low 38 
temperatures for a short period of time using specialized cooling device systems such as 39 
cryochamber (WBC), cryocabin (PBC) or vaporizer (LC), has been object of studies regarding 40 
several domains, from general health (physical functioning) to improvements in muscular 41 
recovery after exercise [9]. 42 
Cryocabins and vaporizers are mobile technologies, while cryochambers are larger 43 
and fixed devices, thus, according with Bouzigon and co-workers [9], over the past several 44 
years, PBC and LC have become trendy treatments, with LC usable directly over the regions 45 
of interest (ROIs) by athletes and teams during sport events. In some works, LC was even 46 
shown to attenuate joint inflammation and control articular swelling and temperature [38]. 47 
Despite the proliferation of scientific reports on these cooling technologies, there is still a lack 48 
of information concerning their effective benefits related to the optimal exposure protocols and 49 
the relationship with the treatments’ supposed effects, especially regarding sport recovery. 50 
In order to help fill this gap, in a previous study [33], we examined the effects of a 51 
single PBC session on the maximum handgrip strength values as measured by an hydraulic 52 
hand dynamometer, concluding that a single exposure in cryocabin (duration: 150s; 53 
temperature range: between -130 and -160°C) could have a significant and positive impact on 54 
isometric strength in healthy people. In that study we evaluated the handgrip strength: a 55 
simple and reliable method that has a multimodal application as a common field-based 56 
assessment. This tool reflects consistently the overall strength capacity [7], the nutritional 57 
status [23], the cardiovascular health in elderly obese women [41] and it is even used as a 58 
global functional indicator in various chronic diseases [2,14]. 59 
A recent study [36] showed that there were no differences between baseline, post-60 
intervention and 3-month follow-up in pain-free handgrip strength values in patients with 61 
chronic lateral epicondilytis after 8 local cryostimulation sessions over a 4-week period. 62 
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Moreover, Guilhem et al. [21] evaluated the effects of air-pulsed cryotherapy (-30°C) on 63 
neuromuscular recovery subsequent to a strenuous eccentric exercise. The authors found no 64 
improvements in the long-term recovery of muscle performance after three applications of air-65 
pulsed cryotherapy (3 × 4 minutes at -30°C separated by 1 minute) in the 3 days after 66 
strenuous exercise.  67 
To the best of our knowledge no study has investigated the effects of local 68 
cryostimulation, induced by vaporizing liquid nitrogen (-160°C) on muscular performance, 69 
even if LC has now reached greater diffusion through wellness centers and cryotherapy 70 
facilities globally. 71 
In this context, the main purpose of the present study was to explore the effects of a 72 
single session of local cryostimulation (-160°C) on maximal isometric contraction of the 73 
extensor-flexor muscles, following fatiguing contractions, in a sample of young females. 74 
 75 
  76 
Material and Methods 77 
Subjects 78 
Based on the a priori sample-sized determination, fifty young adult women were 79 
enrolled for this study. The present investigation was designed as a randomized-controlled 80 
trial. Using a restricted blocks randomization (computer-generated sequence), the participants 81 
were randomly allocated into a local cryostimulation- (cryo; n = 25) and control (n = 25) group. 82 
The allocation and the randomization were completed by one of the researchers without any 83 
contact or knowledge of the participants. Therefore, no allocation concealment mechanisms 84 
were necessary. All subjects were examined by a physician to exclude any contraindication to 85 
cryotherapy. Subjects were not accustomed to localized cryotherapy. To minimize the effects 86 
of circadian variation, measurements were consistently carried out at the same hour of the 87 
day (from 08:30 to 10:30). Subjects were also instructed to refrain from consuming alcohol, 88 
caffeine, theine, hot drinks nor undertaking exercise for 24 hours prior to the laboratory trial. 89 
In addition, subjects were also instructed not to take medications or supplements during the 90 
study. A physical activity questionnaire (Baecke’s) [3] was administrated to participants in 91 
order to assess their physical activity levels. 92 
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 93 
Ethics statement 94 
 The study protocol, including each aspect of the design, was approved by the ethical 95 
board of the Università degli Studi di Milano in accordance with the Declaration of Helsinki. All 96 
subjects were given verbal and written information on the study and gave their written 97 
informed consent to participate. 98 
 99 
Procedures 100 
A diagram of the overall study-design is offered in Fig. 1.  101 
On the day of the experiment, each participant arrived at the laboratory 30 min before 102 
the session so to acclimate to the room temperature (22 ± 0.5 °C). After acclimation, each 103 
participant familiarized with a portable JAMAR Hydraulic Hand dynamometer (Sammons 104 
Preston Rolyan Nottinghamshire, United Kingdom) using the dominant hand [31] as 105 
recommended for use in healthy people [6,8]. During individuals’ adjustments, the hand 106 
dynamometer was regulated for each subject by fitting the hand and allowing flexion at the 107 
metacarpophalangeal joints. The scale of the dynamometer indicated handgrip strength in 108 
kilograms (kg). During the hand strength testing, the subjects sat upright against the back of 109 
an adjustable chair with feet flat on the floor [40]; the arm position was standardized with the 110 
shoulder adducted and neutrally rotated, elbow flexed to 90° [1]. The forearm and wrist were 111 
in a neutral position resting on the support surface [1,19,30,40]; the hand was maintained in 112 
line with the forearm holding the instrument upright on its base on the short side. When the 113 
individual adjustment operations were completed, each subject performed 3 submaximal 114 
voluntary isometric contractions maintained for 5 seconds as familiarization to the testing 115 
protocol. In our study, the handgrip strength testing showed an excellent reliability ( = 116 
0.946). 117 
In the warm-up period, each subject performed 10 submaximal voluntary isometric 118 
contractions at 25% of one maximum repetition (1-RM); 6 submaximal voluntary isometric 119 
contractions at 50% 1-RM and again10 submaximal voluntary isometric contractions at 25% 120 
1-RM [46]. 121 
The testing protocol was administered after the warm-up period (T0), after the cryo-122 
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period (T1), and 15 min after T1 (T2). Instead of the cryostimulation, the control group rested 123 
for the equivalent period (6 min). The testing protocol consisted of 3 maximal voluntary 124 
isometric contractions maintained for 5 seconds with rest period of at least 60 seconds; the 125 
highest value was used for the determination of the maximal grip strength. The procedure and 126 
the methodology used during the handgrip strength test were performed according to the 127 
standards [4,5,29]. Specific verbal instructions were given to subjects before the evaluations 128 
and the experiments were performed with verbal encouragement [32].  129 
As previously described by Veni and co-workers [46], the fatiguing protocol, lasting 130 
totally 5 min, was performed after 3 min of recovery from T1. It consisted of 60 maximal 131 
voluntary isometric contractions maintained for 4 seconds interleaved with 1-sec rest. 132 
Following fatigue, the cryo group underwent 6-min local cryostimulation at the level of the 133 
flexor and extensor muscles of the dominant hand/forearm previously used for maximal 134 
contractions. The time of exposure was in line with the manufacturer’s recommendations. For 135 
local cryostimulation, a freezing nozzle was employed (Cryo Polar Bear, Vacuactiv, Slupsk, 136 
Poland), i.e. a portable nitrogen system which provides dry air at very low temperature (-137 
160 °C). Cryostimulations were performed by the same and well-trained operator, which 138 
continuously made circular vaporizations above the forearm skin, as recommended by the 139 
manufacturer of the cryostimulation device used in this trial. The control group rested in sitting 140 
position, upright against the back of a chair with feet flat on the floor, in a room where the 141 
temperature was stabilized (22  0.5 °C).  142 
Skin temperatures of the ventral and dorsal regions of ROIs were assessed by means 143 
of a ThermoVision SC640 thermal imaging camera (Flir Systems, Danderyd, Sweden) in 144 
accordance with the standard protocol of infrared imaging in medicine [16,37]. Thermal 145 
images were taken prior to each testing protocol (T0, T1, T2).  The camera, with the 146 
emissivity set in the range of 0.97 to 0.98, was connected to a personal computer with 147 
appropriate software (Thermacam Researcher Pro 2.10, version 5.13.18031.2002, Flir 148 
systems 2015, Danderyd, Sweden). The camera was mounted on a tripod and positioned in a 149 
way to focus on the dominant forearm and hand. The distance between the camera and the 150 
ROIs was kept constant at 1m. A mean temperature was calculated by averaging the skin 151 
temperature recorded for the ROIs. 152 
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 153 
Fig.1. Flow-chart of the study. 154 
 155 
 156 
Statistical analysis 157 
The test-retest reliability of the handgrip test was measured using an intraclass 158 
correlation coefficient (ICC, Cronbach-) and interpreted as follows:   0.9 = excellent; 0.9  159 
  0.8 = good; 0.8.    0.7 = acceptable; 0.7    0.6 = questionable; 0.6    0.5 = poor 160 
[45]. The handgrip strength testing showed a Cronbach- equal to 0.946. 161 
The normality of the data distribution was assessed by Shapiro-Wilk test.  162 
The maximal contractions performed during the fatiguing protocol had a non-parametric 163 
distribution, therefore they were shown as the maximum, the median and the minimum 164 
values, and they were compared with Mann-Whitney U test.  165 
All other data (handgrip, temperature) met the gaussianity assumption and therefore 166 
they were parametrically analysed and represented as mean ± standard deviation (SD). The 167 
assumption of homogeneity of variance was checked with Bartlett’s test. The handgrip 168 
strength performances at timepoints T0, T1, T2 and the relative thermographic measurements 169 
were analyzed with repeated measures (RM) two-way (time x treatment) analysis of variance 170 
(ANOVA) with Bonferroni’s post-hoc. Time (T0, T1, T2) was the within-subjects factor, 171 
whereas treatment-group (control vs cryo) was the between-subjects factor. Eta squared (2) 172 
effect sizes (ES) [26] were determined and interpreted according to Cohen [15]: 0.01 = small; 173 
0.06 = medium; 0.14 = large. The area under the curve (AUC) was used as summary 174 
measures of the strength- and thermal responses resulting from the experimental window T0-175 
T2. Comparisons among means of the AUCs, anthropometric and demographic 176 
characteristics were performed using two-tailed, independent Student’s t test. For all 177 
analyses, a p-value less than 0.05 was considered statistically significant. 178 
Analyses were carried out with the Statistical Package SPSS version 25 for Mac (IBM 179 
Corp., Armonk, NY, USA), GraphPad Prism 5 (San Diego, CA, USA). 180 
 181 
 182 
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Results 183 
Subjects’ groups 184 
All demographic and anthropometric characteristics of the participants are offered in 185 
Table 1.  186 
All group subjects were matched-pairs as no statistical difference was registered per 187 
each of the characteristic listed in Table 1. According to the Baecke’s questionnaire, 188 
volunteers resulted to be moderately active. 189 
 190 
Table 1. Anthropometric and demographic characteristics of the women studied. 191 
 control cryo  
  (n = 25) (n = 25) 
   
   
Age (years) 24.3 ± 3.3 24.7 ± 2.5 
Weight (kg) 60 ± 9.2 59.3 ± 5.5 
Height (m) 1.63 ± 0.05 1.65 ± 0.05 
BMI (kg/m2) 22.4 ± 2.9 21.7 ± 1.8 
Total hand length (cm) 17.6 ± 0.9 17.8 ± 0.9 
Palm length (cm) 9.9 ± 0.5 9.9 ± 0.5 
Spam length (cm) 19.5 ± 1 19.8 ± 1.3 
Physical Activity Index (AU) 8.77 ± 1.3 8.37 ± 1.2 
   
   
Data are expressed as means  SD. 192 
 193 
Fatiguing protocol 194 
No differences were found as to the median, minimum and maximum values obtained 195 
throughout the fatiguing protocol, in both control and cryo groups (Fig. 2). 196 
 197 
Strength responses 198 
Overall, the results of the two-way RM-ANOVA analysis revealed a significant main effect 199 
of cryotherapy (F = 6.436, P = 0.0145, 2 = 0.118) and time (F = 70.5, P < 0.0001, 2 = 0.254) 200 
on handgrip strength performance (Fig. 3A). The AUC of the strength performance was 201 
significantly higher in the cryo group compared to control group (841.9  17.4 vs 770.6  17.7 202 
kg  min, P = 0.006, Fig. 3B). In particular, following fatigue and cryostimulation (or rest, for the 203 
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controls), the cryo group preserved higher strength at T1 with respect to control group (26.8  204 
2.8 vs 23.9  2.8 kg, Bonferroni’s post-hoc, P<0.01, Fig. 3A). In fact, after the fatiguing protocol, 205 
the strength decrease of the control group was of a greater extent compared to that one of the 206 
cryo group (T1-T0 = - 4.99  2.66 vs - 3.58  3.16 kg, respectively). Endline values of the cryo 207 
group’s strength were closer to baseline with respect to controls (T2-T0 = - 2.04  2.35 vs - 2.76 208 
 2.19 kg, respectively). 209 
 210 
Thermal responses  211 
Skin temperature analysed by means of thermal images reflected a pattern similar to that 212 
one registered for the strength responses (Fig. 4). As to the ventral temperature effects, a 213 
significant interaction “time x treatment” was documented (F = 173.6, P < 0.0001, 2 = 0.717). 214 
In detail, ventral temperature (Fig. 4A) was significantly affected by cryotherapy (F = 62.24, P 215 
< 0.0001, 2 = 0.564) and time (F = 125.5, P = 0.0001, 2 = 0.646). Post-hoc comparisons 216 
revealed that ventral temperature was significantly lower at T1 in the cryo group with respect to 217 
the control group (24.5  2.2 vs 33  1.5 °C, Bonferroni’s, P<0.0001, Fig. 4A). The AUC of the 218 
ventral temperature was significantly lower in the cryo group than in control group (851.1  9 219 
vs 979.6  7.5 °C  min, P < 0.0001, Fig. 4B). A significant interaction “time x treatment” was 220 
also found for dorsal temperature (F = 69.93, P < 0.0001, 2 = 0.393). Likewise, cryotherapy (F 221 
= 8.763, P < 0.001, 2 = 0.152) and time (F = 26.83, P < 0.0001, 2 = 0.199) significantly 222 
impacted on dorsal temperature (Fig. 4C). Again, at T1, dorsal temperature of the cryo group 223 
was significantly lower than that one of the controls (28.2  2.3 vs 32.6  1.6 °C, Bonferroni’s 224 
post-hoc, P < 0.0001, Fig. 4C). The AUC of the dorsal temperature was significantly lower in 225 
cryo group than control group (904  9.8 vs 964.5  8.8 °C  min, P < 0.0001, Fig. 4D). 226 
 227 
 228 
Discussion 229 
A widespread literature encompasses a multitude of cryo-exposure protocols [49]. 230 
Nevertheless, cohesive and standardized procedures are lacking as to achieving desirable 231 
effects on muscular strength. One challenge is represented by efficaciously combining 232 
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duration, treatments and temperature as a potential recovery technique in diverse muscular 233 
efforts and in different sports. In this study we investigated whether six minutes of local 234 
cryostimulation affected maximum isometric handgrip strength after fatigue in a sample of 235 
young women. Our results showed that the AUC of the strength performance was significantly 236 
higher in the cryo group (~ +10%) compared to the AUC of the strength performance of the 237 
control group. In particular, following the fatiguing protocol and a 6-min session of 238 
cryosimulation (T1), the cryo group preserved higher strength values respect to the control 239 
group.  240 
These results are in line with earlier studies evaluating the effects of cold stimulation 241 
on the maximal isometric force [24,33,34]. In fact, in a recent study, Kodejška and co-workers 242 
[24] demonstrated that cold-water immersion (CWI) significantly increased intermittent 243 
handgrip performance in rock climbers as compared to a passive recovery routine. In that 244 
work participants completed two different protocols of CWI recovery session: one group 245 
immersed the dominant forearm in water at 8°C, whereas the other group immersed the arm 246 
at 15°C. Each protocol was repeated twice and lasted for 18 minutes (three x 6-minute cycles 247 
composed by 4-min immersion and 2-min rest out of water). The authors concluded that 248 
cooling in water at 15°C temperature is an effective procedure to increase recovery from 249 
climbing-specific intermittent handgrip performance. We have previously tested the 250 
hypothesis that a single PBC session would not significantly worsen the handgrip maximum 251 
isometric strength, founding a remarkable increase in the strength performance, compared to 252 
baseline and the control group, after a 150-s partial-body cryostimulation session [33]. Nodehi 253 
Moghadami et al. [34] measured the maximal isometric forces of elbow flexion before and 254 
after placing ice and hot packs over the arm. They showed no differences between pre and 255 
post maximal isometric force scores in control and heat groups, and a significant 256 
improvement between pre and post scores, following a 15-min cold pack treatment. The 257 
authors measured skin temperature of the forearm by means of a thermometer, reaching 258 
14.7 °C at the elbow in the cold exposure group. In our study, at the end of the 6-min period 259 
of cryostimulation, the mean temperature of the ventral area of the forearm was 24.5°C while 260 
the mean temperature of the dorsal area was 28.2°C (during cryo-sessions we recorded skin 261 
temperature values below 10°C). Interestingly, this skin temperature reduction (-13%) was 262 
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paralleled by a gain in strength performance, of a same entity (+12%), at T1. Although there 263 
is no consensus concerning the ideal skin temperature reductions, one study [11] reported 264 
that a temperature below 12°C is required to obtain a 10% decrease in nerve conduction 265 
velocity, which is relieving in inflammatory conditions owing to analgesic effects.  266 
Consistently with literature, isometric force production starts to decrease when 267 
muscle temperature falls below 25°C due to peripheral muscle cooling [39]. As a limitation of 268 
the present study, temperature was not measured directly at the level of the elbow flexor 269 
muscles. Nonetheless, it is credible that our exposure protocol was not capable in detecting a 270 
robust reduction of isometric force because the threshold temperature of 25°C was not 271 
reached at the muscular site. 272 
One of the strengths of this study is that skin temperature was measured by means of 273 
an infrared thermal camera that is the gold standard in assessing skin temperature after 274 
cryostimulation [16]. Instead, the disparity of achieved results among other studies might be 275 
explained by methodological differences. Often the discrepancy can be due to the use of 276 
vague and/or inadequate ways of measurements (e.g. thermometers, not-reported models of 277 
thermometers, distance to the skin, emissivity, ROI, etc.). In other studies, skin- and muscle 278 
temperatures were not even measured. Instead, thermal imaging may be also useful in sports 279 
medicine as a helpful method in endurance evaluation [12,44]. 280 
Our design was not cross-sectional and further insights could be gathered by studies 281 
enrolling different gender, different athletes, and different sport practitioners. On another 282 
hand, theoretical models on tissue cooling efficiency suggested choosing shorter cryotherapy 283 
sessions when considering women compared to men [35]. Additionally, ultrastructural data on 284 
neuromuscular recovery might help describing the obtained results, regarding the 285 
expendability of this recovery modality. However, giving the homogeneity of the two groups in 286 
terms of both anthropometric characteristics and maximal force-generating capacity at 287 
baseline (T0), we were able to detect clear differences with a very small error, and with a very 288 
large effect size, implying the proposed protocol was efficacious. 289 
Hand-held dinamometry is used to measure the muscular force generated by flexor 290 
mechanism of the hand and forearm. It should be noted that handgrip test is an indirect 291 
indicator of overall and peripheral fatigue [7,48]. The testing protocols need to be consistent, 292 
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controlling manifold variables which could affect the performance: a) the time of day, since 293 
grip strength shows its peak in the afternoon [10]; b) the posture, considering that the lower 294 
the flexion at the elbow, the greater the grip strength [25]; c) the anthropometric measures 295 
which need dynamometer adjustments [47]. In the present study, we cautiously scrutinize all 296 
these variables, in order to stringently estimate the effectiveness of local cryostimulation in 297 
enhancing recovery of the forearm muscles after fatigue. We found that local cryostimulation 298 
allowed to express greater isometric strength after the fatiguing protocol compared to controls 299 
(T1). Furthermore, at endline (T2), the cryo group reached strength values closer to baseline 300 
with respect to those of control group. These findings are in agreement with those of our 301 
previous research on acute isometric strength performance following a single PBC session 302 
[33], i.e. a cold-based technology that has been receiving an increasingly attention in the field 303 
of performance recovery [28]. Therefore, the effects of a single LC session on isometric 304 
strength performance are comparable to those obtained with a single PBC session, opening a 305 
new scenario on the utilization of LC as a recovery tool in sports disciplines like climbing, 306 
racket sports, or gymnastics, in which hand isometric strength is critically required. In rock 307 
climbing, for example, athletes’ isometric strength recovery is determinant when attempting 308 
multiple isometric efforts.  309 
To the best of our knowledge, the present study is the first one investigating the 310 
effects of local cryostimulation induced by vaporizing liquid nitrogen (-160°C) on muscular 311 
performance. Several avenues of investigations can be opened by differently-arranged 312 
cryostimulation interventions: potential fields of research may be expanded to therapeutic 313 
strategies in the management of overweight and obesity [27]. In fact, a growing body of 314 
literature includes only a few studies on the physiological [22], clinical [36] and neuromuscular 315 
[21] effects of local cryotherapy devices inducing low-temperature decrease, i.e. gaseous 316 
cryotherapy (-78°C) [17,36] and air-pulsed cryotherapy (-30°C) [21]. Besides, conflicting 317 
results are reported in literature about the actual benefits of cryotherapy on muscular strength 318 
performance and the related recovery. For instance, repeated air-pulsed cryotherapy was 319 
incapable of gaining evident benefits on the recovery of muscle function after a severe mono-320 
articular eccentric exercise [21]. However, in the study of Guilhem and colleagues [21], a 4-321 
min session of repeated (3 sets) air-pulsed cryotherapy was used at -30 °C: a temperature 322 
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definitively higher in comparison with our study. There are still numerous factors to be 323 
examined for the feasibility and the efficacy of cryostimulation in order to accelerate muscular 324 
recovery. Body mass index seems to influence the effects of cryostimulation [11]. The 325 
concept of “fatigue” is complex, and certainly deserves further multi-level research [18]. 326 
Here, we showed a modality of isolated cryostimulation, usable to maintain muscular 327 
performance after repeated maximal exercise bouts. It is a relatively portable technique, 328 
directly exploitable in the sports field, between two intense training sessions or competitions. 329 
Besides, previous studies showed that LC and WBC register similar temperature differences 330 
between before and after body cooling in patients with spinal diseases, confirming a 331 
convenient and lower-cost use of LC [13]. Future research should explore the influence of 332 
cryotherapy in a wider range of motor patterns including evaluation of either range of motion 333 
or muscle functioning. As it stands, although widely used, grip strength may not be translated 334 
into a full spectrum of sport performance. 335 
In conclusion, a brief session of local cryostimulation at -160°C may acutely preserve 336 
maximal isometric force in young women following a fatiguing protocol. These findings may 337 
have implications in orchestrating strategies of district muscular recovery. 338 
 339 
 340 
 341 
 342 
 343 
 344 
 345 
 346 
 347 
 348 
 349 
 350 
 351 
 352 
 13 
Acknowledgements  353 
The authors would like to thank all the participants who volunteered for this study. 354 
 355 
Declaration of interest 356 
None.   357 
 358 
Funding 359 
This research did not receive any specific grant from funding agencies in the public, 360 
commercial, or not-for-profit sectors. 361 
 362 
Author Contributions M.D.N., S.S. performed the studies. S.S., R.C. analyzed the data. 363 
M.D.N., R.C. wrote the manuscript. M.D.N., S.S., P.R., L.L., A.L.T., R.C. contributed to the 364 
discussion and reviewed the manuscript. M.D.N. designed the studies. M.D.N., R.C. 365 
supervised the studies.  All authors edited the manuscript. R.C. is the guarantor of this work 366 
and, as such, had full access to all the data in the studies and takes responsibility for the 367 
integrity of the data and the accuracy of data analysis. 368 
 369 
 370 
 371 
 372 
 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 14 
References 383 
 384 
[1] A. Al-Tahmeesschi, M. López-Benítez, K. Umebayashi, J. Lehtomäki, Analytical study 385 
on the estimation of primary activity distribution based on spectrum sensing, in: IEEE 386 
Int. Symp. Pers. Indoor Mob. Radio Commun. PIMRC, 2018: pp. 1–5. 387 
[2] V.A. Aparicio, A. Carbonell-Baeza, F.B. Ortega, J.R. Ruiz, J.M. Heredia, M. Delgado-388 
Fernandez, Handgrip strength in men with fibromyalgia, Clin. Exp. Rheumatol. 28 389 
(2010) S78-81. 390 
[3] J.A.H. Baecke, J. Burema, J.E.R. Frijters, A short questionnaire for the measurement 391 
of habitual physical activity in epidemiological studies, Am. J. Clin. Nutr. 36 (1982) 392 
936–942. 393 
[4] D.G. Bansode, L.J. Borse, R.D. Yadav, Study of Correlation between Dominant Hand ’ 394 
s Grip Strength and Some Physical Factors in Adult Males and Females, Int. J. 395 
Pharma Res. Heal. Sci. 2 (2014) 316–323. 396 
[5] Ç. Barut, P. Demirel, S. K›ran, Introduction Evaluation of hand anthropometric 397 
measurements and grip strength in basketball, volleyball and handball players, 398 
Anatomy. 2 (2008) 55–59. 399 
[6] D.E. Beaton, S.W. O’Driscoll, R.R. Richards, Grip strength testing using the BTE work 400 
simulator and the jamar dynamometer: A comparative study, J. Hand Surg. Am. 20 401 
(1995) 293–298. 402 
[7] R.W. Bohannon, Muscle strength: Clinical and prognostic value of hand-grip 403 
dynamometry, Curr. Opin. Clin. Nutr. Metab. Care. 18 (2015) 465–470. 404 
[8] R.W. Bohannon, A. Peolsson, N. Massy-Westropp, J. Desrosiers, J. Bear-Lehman, 405 
Reference values for adult grip strength measured with a Jamar dynamometer: a 406 
descriptive meta-analysis, Physiotherapy. 92 (2006) 11–15. 407 
[9] R. Bouzigon, F. Grappe, G. Ravier, B. Dugue, Whole- and partial-body 408 
cryostimulation/cryotherapy: Current technologies and practical applications, J. Therm. 409 
Biol. 61 (2016) 67–81. 410 
[10] T.A. Cappaert, Time of Day Effect on Athletic Performance: An Update, J. Strength 411 
Cond. Res. 13 (1999) 412–421. 412 
 15 
[11] A. Cholewka, Z. Drzazga, A. Michnik, A. Sieron, B. Wisniowska, Temperature Effects 413 
of Whole Body Cryotherapy Determined by Thermography, Thermol. Int. 14 (2004) 414 
57–63. 415 
[12] A. Cholewka, T. Kasprzyk, A. Stanek, K. Sieroń-Stołtny, Z. Drzazga, May thermal 416 
imaging be useful in cyclist endurance tests?, J. Therm. Anal. Calorim. 123 (2016) 417 
1973–1979. 418 
[13] A. Cholewka, A. Stanek, M. Wójcik, K. Sieroń-Stołtny, Z. Drzazga, Does local 419 
cryotherapy improve thermal diagnosis similar to whole-body cryotherapy in spinal 420 
diseases?, J. Therm. Anal. Calorim. 127 (2017) 1155–1162. 421 
[14] H.S. Chung, M.H. Shin, K. Park, Association between hand-grip strength and erectile 422 
dysfunction in older men, Aging Male. 21 (2017) 1–6. 423 
[15] J. Cohen, Statistical power analysis for the behavioral sciences (revised ed.) 424 
Academic Press, New York. (1988). 425 
[16] J.T. Costello, C.D. McInerney, C.M. Bleakley, J. Selfe, A.E. Donnelly, The use of 426 
thermal imaging in assessing skin temperature following cryotherapy: A review, J. 427 
Therm. Biol. 37 (2012) 103–110. 428 
[17] C. Demoulin, M. Brouwers, S. Darot, P. Gillet, J.-M. Crielaard, M. Vanderthommen, 429 
Comparison of gaseous cryotherapy with more traditional forms of cryotherapy 430 
following total knee arthroplasty, Ann. Phys. Rehabil. Med. 55 (2012) 229–240. 431 
[18] O. Dupuy, W. Douzi, D. Theurot, L. Bosquet, B. Dugué, An Evidence-Based Approach 432 
for Choosing Post-exercise Recovery Techniques to Reduce Markers of Muscle 433 
Damage, Soreness, Fatigue, and Inflammation: A Systematic Review With Meta-434 
Analysis, Front. Physiol. 9 (2018) 403. 435 
[19] E. Fess, C. Moran, Clinical assessment recommendations: American Society of Hand 436 
Therapists, 1981. 437 
[20] C. Giemza, M. Matczak-Giemza, M. De Nardi, B. Ostrowska, P. Czech, Effect of 438 
frequent WBC treatments on the back pain therapy in elderly men, Aging Male. 18 439 
(2015) 135–142. 440 
[21] G. Guilhem, F. Hug, A. Couturier, S. Regnault, L. Bournat, J.R. Filliard, S. Dorel, 441 
Effects of air-pulsed cryotherapy on neuromuscular recovery subsequent to exercise-442 
 16 
induced muscle damage, Am. J. Sports Med. 41 (2013) 1942–1951. 443 
[22] C. Hausswirth, K. Schaal, Y. Le Meur, F. Bieuzen, J.-R. Filliard, M. Volondat, J. Louis, 444 
Parasympathetic Activity and Blood Catecholamine Responses Following a Single 445 
Partial-Body Cryostimulation and a Whole-Body Cryostimulation, PLoS One. 8 (2013) 446 
e72658. 447 
[23] K. Kenjle, S. Limaye, P.S. Ghugre, S.A. Udipi, Grip strength as an index for 448 
assessment of nutritional status of children aged 6-10 years., J. Nutr. Sci. Vitaminol. 449 
(Tokyo). 51 (2005) 87–92. 450 
[24] J. Kodejška, J. Baláš, N. Draper, Effect of Cold-Water Immersion on Handgrip 451 
Performance in Rock Climbers, Int. J. Sports Physiol. Perform. 13 (2018) 1097–1099. 452 
[25] E.A. Kuzala, M.C. Vargo, The relationship between elbow position and grip strength., 453 
Am. J. Occup. Ther. 46 (1992) 509–12. 454 
[26] D. Lakens, Calculating and reporting effect sizes to facilitate cumulative science: A 455 
practical primer for t-tests and ANOVAs, Front. Psychol. 4 (2013) 863. 456 
[27] S. Loap, R. Lathe, Mechanism Underlying Tissue Cryotherapy to Combat 457 
Obesity/Overweight: Triggering Thermogenesis, J. Obes. 2018 (2018) 1–10. 458 
[28] G. Lombardi, E. Ziemann, G. Banfi, Whole-Body Cryotherapy in Athletes: From 459 
Therapy to Stimulation. An Updated Review of the Literature., Front. Physiol. 8 (2017) 460 
258. 461 
[29] Malaysian Standard, MS ISO 7250-1:2008 BASIC HUMAN BODY MEASUREMENTS 462 
FOR TECHNOLOGICAL DESIGN - PART 1: BODY MEASUREMENT DEFINITIONS 463 
AND LANDMARKS, Dep. Stand. Malaysia. (2008). 464 
[30] V. Mathiowetz, C. Rennells, L. Donahoe, Effect of elbow position on grip and key 465 
pinch strength, J. Hand Surg. Am. 10 (1985) 694–697. 466 
[31] R. Meeusen, P. Lievens, The Use of Cryotherapy in Sports Injuries, Sport. Med. 3 467 
(1986) 398–414. 468 
[32] H. Mohamed, R. Vaeyens, S. Matthys, M. Multael, J. Lefevre, M. Lenoir, R. 469 
Philppaerts, Anthropometric and performance measures for the development of a 470 
talent detection and identification model in youth handball, J. Sports Sci. 27 (2009) 471 
257–266. 472 
 17 
[33] M. De Nardi, L. Pizzigalli, R. Benis, F. Caffaro, M.M. Cremasco, Acute effects of 473 
partial-body cryotherapy on isometric strength: Maximum handgrip strength 474 
evaluation, J. Strength Cond. Res. 31 (2017) 3497–3502. 475 
[34] A. Nodehi Moghadami, N. Dehghane, The Effects of Local Heating and Cooling of Arm 476 
on Maximal Isometric Force Generated by the Elbow Flexor Musculature in Male 477 
Subjects, Iran. Rehabil. J. 10 (2012) 62–65. 478 
[35] G. Polidori, S. Cuttell, L. Hammond, D. Langdon, F. Legrand, R. Taiar, F.C. Boyer, 479 
J.T. Costello, Should whole body cryotherapy sessions be differentiated between 480 
women and men? A preliminary study on the role of the body thermal resistance, Med. 481 
Hypotheses. 120 (2018) 60–64. 482 
[36] N. Richer, A.A. Marchand, M. Descarreaux, Management of Chronic Lateral 483 
Epicondylitis With Manual Therapy and Local Cryostimulation: A Pilot Study, J. 484 
Chiropr. Med. 16 (2017) 279–288. 485 
[37] E.F.J. Ring, K. Ammer, The technique of infrared imaging in medicine, in: Infrared 486 
Imaging A Caseb. Clin. Med., IOP Publishing, 2015. 487 
[38] E.C. Rodriguez-Merchan, H. De la Corte-Rodriguez, Acute hemophilic hemarthrosis: is 488 
local cryotherapy recommended?, Expert Rev. Hematol. 10 (2017) 1029–1032. 489 
[39] C.J. de Ruiter, D.A. Jones, A.J. Sargeant, A. de Haan, Temperature effect on the rates 490 
of isometric force development and relaxation in the fresh and fatigued human 491 
adductor pollicis muscle., Exp. Physiol. 84 (1999) 1137–50. 492 
[40] A. Sartorio, C.L. Lafortuna, S. Pogliaghi, L. Trecate, The impact of gender, body 493 
dimension and body composition on hand-grip strength in healthy children, J. 494 
Endocrinol. Invest. (2002). 495 
[41] C.R. Silva, B. Saraiva, D.D.C. Nascimento, S.C. Oliveira, I.S. Neto, R. Valduga, N.G. 496 
Santos, R.A. Tibana, J. Prestes, J.M. Willardson, G.B. Pereira, Relative Handgrip 497 
Strength as a Simple Tool to Evaluate Impaired Heart Rate Recovery and a Low 498 
Chronotropic Index in Obese Older Women., Int. J. Exerc. Sci. 11 (2018) 844–855. 499 
[42] A. Skrzek, A. Ciszek, D. Nowicka, A. Dębiec-Bąk, Evaluation of changes in selected 500 
skin parameters under the influence of extremely low temperature., Cryobiology. 501 
(2019). 502 
 18 
[43] A. Stanek, A. Cholewka, J. Gadula, Z. Drzazga, A. Sieron, K. Sieron-Stoltny, Can 503 
Whole-Body Cryotherapy with Subsequent Kinesiotherapy Procedures in Closed Type 504 
Cryogenic Chamber Improve BASDAI, BASFI, and Some Spine Mobility Parameters 505 
and Decrease Pain Intensity in Patients with Ankylosing Spondylitis?, Biomed Res. Int. 506 
2015 (2015) 404259. 507 
[44] G. Tanda, The use of infrared thermography to detect the skin temperature response 508 
to physical activity, J. Phys. Conf. Ser. 655 (2015) 012062. 509 
[45] M. Tavakol, R. Dennick, Making sense of Cronbach’s alpha., Int. J. Med. Educ. 2 510 
(2011) 53–55. 511 
[46] T. Veni, S. Boyas, B. Beaune, H. Bourgeois, A. Rahmani, S. Landry, A. Bochereau, S. 512 
Durand, B. Morel, Handgrip fatiguing exercise can provide objective assessment of 513 
cancer-related fatigue: a pilot study, Support. Care Cancer. 27 (2018) 1–10. 514 
[47] M. Visnapuu, T. Jürimäe, Handgrip strength and hand dimensions in young handball 515 
and basketball players., J. Strength Cond. Res. 21 (2007) 923–9. 516 
[48] P.B. Watts, M. Daggett, P. Gallagher, B. Wilkins, Metabolic Response During Sport 517 
Rock Climbing and the Effects of Active Versus Passive Recovery, Int. J. Sports Med. 518 
21 (2000) 185–190. 519 
[49] M. Wegmann, O. Faude, W. Poppendieck, A. Hecksteden, M. Fröhlich, T. Meyer, Pre-520 
cooling and sports performance: a meta-analytical review., Sports Med. 42 (2012) 521 
545–64. 522 
523 
 19 
Captions 
 
Figure 1. Flow-chart of the study.   
 
Figure 2. Fatiguing protocol.  
Handgrip strength performances (maximal contractions = 60) during the 5-min fatigue protocol 
in the control (A) and cryo (B) group. Data are plotted as maximum (grey line), median (black 
line), minimum (silver line) values per contraction. 
 
Figure 3. Strength test responses 
Maxium isometric handgrip strength test (A) and relative area under the curve (AUC) of the 
performance (B) in the control and cryo group.  
Data are expressed as means  SD. ** P < 0.01 
 
Figure 4. Thermal responses 
Timecourses of skin ventral temperature measurements (A) and relative area under the curve 
(B) in the control and cryo group. Corresponding skin dorsal temperature measurements are 
shown (C), along with respective AUC (D) in the control and cryo group. 
Data are expressed as means  SD. *** P < 0.0001 
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